Wheat yield is largely determined by the grains per spike, which in turn is related to the fertile floret development prior to anthesis. The aim of this study was to assess the physiological mechanism of exogenous 6-benzylaminopurine (6-BA) on fertile floret development and grain setting characteristics by foliar application in winter wheat. Field experiments were conducted during the 2016-2017 and 2017-2018 growing seasons in China. Two foliar spraying applications with water (S0) and 6-BA (S1) were applied to a large-spike variety (V1) and a multiple-spike variety (V2) 25 days after jointing. At anthesis, spike dry weight and soluble sugar, sucrose, auxin, and cytokinin were all positively correlated with the number of fertile florets and grains per spike. During the abortion stage of fertile florets, 6-BA application compared to the control reduced the auxin content, increased the cytokinin content and spike dry matter and transported more soluble sugar and sucrose from the non-spike organs to the spike. Exogenous 6-BA application increased the number of fertile florets (~1.84 to~2.50) and number of grains (~2.83 to~3.51) by primarily suppressing the number of degenerated and aborted florets. The results provide important evidence that 6-BA application has a positive effect on floret fertility and grain setting, which lead to a further increase in grain yield.
Introduction
In recent years, the decreasing farmland and burgeoning world population means that a substantial increase in grain yield is needed, posing a challenge to food security [1] [2] [3] . As one of three main food crops, wheat (Triticum aestivum L.) has been widely cultivated throughout the world. Studies on how to achieve a higher yield are extremely important for ensuring global food security [4] [5] [6] . Wheat grain yield is determined by its components including spike number per unit area (SN), grain number per spike (GN), and thousand-grain weight (TGW), and the increased coordination between yield components is the key to a high yield [7, 8] . Studies have shown that the SN has reached saturation in practice [9] , and the TGW is already at a high level due to the genetic characteristics of cultivars [10] .
However, GN still has great potential to increase and thus constitutes a breakthrough point to achieve a continuous increase of yield [11] . GN in wheat is largely dependent on floret development during the pre-anthesis stage as a result of the intricate processes of floret generation, degeneration and abortion [12, 13] . A previous study found that 180 floret structures are generated per plant in wheat, which later become fertile and capable of bearing grains, but only 20% of them could eventually develop into grains [14] . Thus, there is a high potential to increase the GN in wheat. Based on the fact that the number of fertile florets directly determines the GN, and the number of fertile florets is most frequently determined by the survival of florets rather than by the number of florets produced, reducing the degeneration and abortion of florets can promote increasingly florets survive to fertile florets, thus leading to an increase of the GN [15] [16] [17] . Studies have found that the number of fertile florets is influenced by the environment, nutrients, and endogenous hormones during the abortion stage of fertile florets in wheat. The regulation of endogenous hormones may effectively increase the survival rate of florets [17] [18] [19] [20] . Previous studies have shown that cytokinin effectively controls plant growth and development by regulating the proliferation and differentiation of plant cells, such as promoting bud growth and fruit development, delaying senescence, and regulating the transduction of nutritional signals [21] [22] [23] . 6-benzylaminopurine (6-BA) is a synthetic cytokinin that can also promote cell division and improve plant growth and development [24] . Applying exogenous 6-BA alters the endogenous hormone level in wheat, increases glutamine synthetase (GS) activity and protein content in grains, enhances antioxidant capacity and photosynthetic performance [25, 26] . Spraying application of 6-BA before anthesis may promote the accumulation of dry matter in plants and its distribution to grain organs, thus increasing the yield [27] .
The effects of 6-BA on the abortion of fertile florets during key stages of grain setting in winter wheat are rarely studied. Therefore, this study is focused on the abortion stage of fertile florets. The objective of the present work was to study the effects of exogenous 6-BA on fertile floret development and grain setting characteristics by foliar spraying application in winter wheat at 25 days after jointing. The results may provide a theoretical basis and technical guidance for further increases in grain yield.
Materials and Methods

Experimental Materials and Design
Field experiments were conducted in the Science and Education Demonstration Park of Henan Agricultural University (113 • 59 E, 34 • 86 N) during the 2016-2017 and 2017-2018 growing seasons. The soil type was loam with the following basic chemical properties at 0-20 cm depth cultivated layer: 16.0 g kg −1 organic matter, 0.95 g kg −1 total nitrogen, 115 g kg −1 available nitrogen, 21.6 g kg −1 available phosphorous, and 95 g kg −1 available potassium. All experimental plots were fertilized with 180 kg ha −1 nitrogen (using urea, 46%), 150 kg ha −1 phosphate (P 2 O 5 ), and 150 kg ha −1 potash (K 2 O). Fifty percent of the nitrogen fertilizer was applied before sowing, and the same quantity was applied in the jointing stage. Phosphate and potash fertilizers were all applied before sowing as a base fertilizer. The growth and development of the wheat plants were managed according to common high-yielding field conditions.
The experimental varieties used in this study were a large-spike variety, Zhoumai 16 (V1), and a multiple-spike variety, Yumai 49-198 (V2). The wheat was sown on 12 October in both years, at a density of 225 plants m −2 in 12 rows in each plot with an equal row spacing of 20 cm. At 25 days after jointing (before the abortion of fertile florets), foliar spraying was applied with water (No spraying 6-BA treatment, S0) and 10 mg·L −1 6-BA (Spraying 6-BA treatment, S1). The amount of 6-BA sprayed was controlled following the protocol described by our previous study [15] , which claim to form a layer of mist on the leaf surface without liquid dripping down. The experimental design was a split-plot design with each treatment repeated three times. The plot size was 20.3 m 2 (2.9 × 7 m), and the 6-BA and control treatments were equal of every plot.
Measurements and Methods
Observations of Young Spike Development in Wheat
Three wheat plants with uniform growth were obtained every three days for each treatment from foliar application with water and 6-BA at the late jointing stage to five days after anthesis. The differentiation stage of young spikes was observed under an EMZ-TR dissecting microscope. The following measurements were recorded: the morphological characteristics of florets at different developmental stages, the number of spikelets per spike, the total number of differentiated florets per spike, and the number of fertile florets per spike (florets containing stamen, ovary, stigmatic branch, and stigmatic hair).
Measurements of Dry Matter in Spike and Non-Spike Organs
Twenty plants with uniform growth were selected in each treatment at each stage. Plants were separated into leaf, stem, sheath, and spike, which were then deactivated at 105 • C for 30 min and dried at 80 • C until reaching a constant weight. The dry weight of each tissue type was measured.
Measurements of Soluble Sugar and Sucrose Contents
A sample (50 mg) was weighed and transferred to a 10 mL centrifuge tube, and 4 mL of 80% ethanol was then added. The tube was heated in an 80 • C water bath for 40 min and then centrifuged 10 min to collect the supernatant. Ethanol (2 mL) was added to the residual pellet, and the tube was centrifuged again to collect the supernatant. This step was repeated twice, and the supernatants were combined into one tube, which were added by activated carbon (10 mg). The mixture was heated at 80 • C for 30 min for decolorization, which was then adjusted to 10 mL by ethanol. Tubes were centrifuged 10 min to collect the supernatant for measurement. The anthrone-sulphuric acid method was used for measuring the soluble sugar content, and the resorcinol method was used for measuring the sucrose content [28] .
Measurements of Cytokinin and Auxin Contents
Fresh young spike tissues were harvested from each treatment at each stage and cryopreserved at −80 • C. Cytokinin and auxin contents were measured by ELISA as described in Wang et al. [29] .
Measurements of Yield and Yield Components
At the mature stage, spike number per unit area was estimated by counting the number of plants in two rows of one meter length. Thirty plants from each treatment were selected randomly for the measurement of grain number per spike. Grain yield was estimated from wheat yield in 4 m 2 of each treatment, and grain samples were selected randomly to measure thousand grain weight.
Formulae for Calculations
Fertile floret setting rate = number of grains/number of fertile florets Spikelet setting rate = number of spikelets that bear grains/total number of spikelets Increasing rate of sugar content = (sugar content in 6-BA treatment − sugar content in the control)/sugar content in the control
Statistical Analysis
The results of the experiment in two growing seasons showed similar patterns, allowing the mean value of the two seasons to be presented in the figures and tables. Experimental data were analyzed and processed using Microsoft Office 2016. The linear regression analysis was made using Origin 2017 by fitting the line, to judge whether the linear model equations of degradation and abortion stage accord with the dynamic process of descending linear pattern and gradually descending linear pattern and to observe the changes in degradation rate and abortion rate of the 6-BA treatment. Graphs were made in Origin 2017. Variance analysis was carried out using Duncan's multiple range test at a significance level of 5% to compare the mean values of the different treatments and Pearson's correlation analysis at p < 0.05 and p < 0.01 was to assess the degree of relationships between variables (determine which physiological index is more closely related to the floret development) using SPSS version 24.0.
Results and Analysis
The Effects of 6-BA Application on the Dynamics of Floret Development in Wheat
As shown in Figure 1 , the dynamics of the number of florets per spike with two treatments in the two varieties shared a similar pattern that could be divided into the degeneration stage (0 d-6 d) and the abortion stage (6 d-20 d). In the degeneration and abortion stages, the number of florets changed in a rapid descending linear pattern and a gradually descending linear pattern, respectively. The number of differentiated florets in each stage had the following order: V1S1 > V1S0 > V2S1 > V2S0. The two-year 6-BA application effectively decreased the number of florets degenerated and aborted in V1 and V2 by 2.75 and 2.34, respectively. These results indicated that the degeneration rate of florets and the abortion rate of fertile florets were reduced, the number of differentiated florets was increased, and the number of fertile florets aborted was decreased after the application of 6-BA. Figure 2A shows that there were significant differences in the number of fertile florets per spike and the grain number per spike between V1S1 and V1S0 as well as between V2S1 and V2S0 over the two years. The number of fertile florets per spike had an increase of 2.50 in VIS1 compared to V1S0 and an increase of 1.84 in V2S1 compared to V2S0. The grain number per spike had an increase of 3.51 in V1S1 compared to V1S0 and an increase of 2.83 in V2S1 compared to V2S0. As shown in Figure 2B , the treatments sprayed with 6-BA of two varieties both had a significant increase in the fertile floret setting rate and the spikelet setting rate compared to S0. V1S1 had a 3.28% increase in the fertile floret setting rate, while V2S1 had a 3.65% increase. For the spikelet setting rate, V1S1 increased by 4.57%, while V2S1 increased by 3.35%. In summary, the number of fertile florets, floret setting rate and spikelet setting rate were all increased under the exogenous 6-BA application, which ultimately increased the grain number per spike. 
The Effects of 6-BA Application on the Number of Fertile Florets and the Number of Grains in Wheat
The Effects of 6-BA Application on the Accumulation and Distribution of Dry Matter in the Spike and Non-Spike Organs in Wheat
As shown in Figure 3A ,B, the dry matter accumulation in spike and non-spike organs of both varieties gradually increased as the growth period progressed from 0 d (the day of the application) to 20 d (5 days after anthesis). Compared to S0, the dry weight of spike and non-spike organs were higher of 6-BA application at each stage, and V1S1 had a larger increase. That suggests exogenous 6-BA may promote the dry weight of spike and non-spike organs to increase. Figure 3C shows that the ratio of spike dry weight/culm dry weight continuously increased from 0 d to 20 d and that this ratio was higher in the S1 treatment than S0. In addition, the increase of the spike dry weight/culm dry weight ratio between V1S1 and V1S0 was larger than that between V2S1 and V2S0. In summary, the ratio of spike dry weight/culm dry weight of the 6-BA application was increased, and exogenous 6-BA promoted the transport of dry matter from non-spike organs to the spike and increased the dry matter accumulation in the spike. Furthermore, exogenous 6-BA had a greater influence on the large-spike variety V1. Figure 4A shows that 6-BA application resulted in a negative value of the increasing rate of soluble sugar in leaf, stem, and sheath for the two varieties compared to S0. However, the soluble sugar in the spike was increased by 26.81% and 22.81% in V1 and V2, respectively. The decreasing rate of soluble sugar content in leaf, stem, and sheath as well as the increasing rate of soluble sugar content in the spike were higher in V1 than in V2, indicating that the soluble sugar content in different organs of different varieties responded to 6-BA differently. Figure 4B shows that after 6-BA application, the sucrose content in different organs exhibited a similar pattern as that of the soluble sugar content. The sucrose content decreased in the leaf, stem, and sheath of two varieties but increased in the spike at 27.38% and 25.10% in V1 and V2, respectively. In summary, exogenous 6-BA promoted the transport of soluble sugar and sucrose from leaf, stem, and sheath to spike and increased the sugar contents in spike. Figure 5A shows that the auxin content in the spikes of the two varieties fluctuated from 0 d to 20 d. There was a slight increase in auxin content at anthesis, which is beneficial for the development of fertile florets. After anthesis, the auxin content dropped to the lowest level. In the abortion stage of fertile florets, the auxin content in the spike followed patterns of V1S1 < V1S0 and V2S1 < V2S0, indicating that a low level of auxin at this stage was helpful for fertile florets to survive. At anthesis, the auxin content in the two varieties exhibited a pattern of S1 > S0, suggesting that 6-BA application was favourable for auxin biosynthesis in the spike at anthesis and may promote flowering. Figure 5B shows that the cytokinin content in the spike treated with S0 and 6-BA of both varieties exhibited a similar pattern. From 0 d to 20 d, the cytokinin content fluctuated by first increasing and then decreasing. From 0 d to 6 d of the floret degeneration stage, the CTK content first increased and then decreased. At 9 d, the CTK content reached its peak level followed by another fluctuation. At 15 d (anthesis), the CTK level was a small peak. The CTK content at each stage was higher treated with 6-BA application compared to S0 treatment in both varieties. At anthesis, the CTK content had an increase of 0.03 ug·g −1 FW and 0.01 ug·g −1 FW in V1 and V2, respectively. In summary, after exogenous 6-BA application, the auxin content in the spike was decreased during the fertile floret abortion stage and increased at anthesis, the cytokinin content was increased in the fertile floret abortion stage. In comparison, exogenous 6-BA had a greater influence on the large-spike variety V1 and provided a physiological basis for increasing the setting rate and forming large spikes. Table 1 shows that spike dry weight and contents of soluble sugar, sucrose, auxin, and cytokinin were all positively correlated with the number of fertile florets per spike at anthesis. Spike dry weight and contents of soluble sugar, sucrose, and cytokinin reached a highly significant level. Grain number per spike exhibited positive correlations with spike dry weight and contents of soluble sugar, sucrose, auxin, and cytokinin. The correlations of grain number per spike with spike dry weight and cytokinin reached a highly significant level, and its correlations with soluble sugar content and sucrose content were significant. These results indicated that increasing spike dry weight as well as the contents of sugar, auxin, and cytokinin at anthesis could increase the number of fertile florets per spike, therefore promoting grain setting. Table 1 . Relationships among spike dry weight, sugar content, hormone content, and number of fertile florets per spike and grain number per spike at anthesis for two growing seasons of 2016-2018 (n = 6). Significant at * p = 0.05, ** p = 0.01. Figure 6 shows that on 6d after 6-BA application, floret 4 was fertile in the S1 treatment but infertile in the S0 treatment and that the pistils and stamens in florets 1, 2, and 3 were all larger than those in the control treatment. During anthesis, floret 4 in the S1 treatment was fertile and its ovary spread outwards, which was well developed to flower and capable of becoming grains. Floret 4 in the S0 was already atrophied and aborted, which then could not develop into grains. The ovary sizes of florets 1, 2, and 3 were larger in the S1 treatment than those in the control. On 5 d after anthesis, the results are the same as the anthesis and the fertile florets continued to develop into grains. These results indicated that foliar application of 6-BA increases the number of fertile florets and promotes the development and grain setting of the fertile florets. Figure S1 ) that attributed the middle part of the spike.
Effects of 6-BA Application on Sugar Content in Different Organs During Anthesis in Wheat
The Effects of 6-BA Application on Endogenous Hormone Content in Spikes
Relationships Among Spike Dry Matter, Sugars, Hormones, and the Number of Florets per Spike and Grain Number per Spike at Anthesis
Variable
Effects of 6-BA Foliar Application on Yield and Yield Components in Wheat
The timing of 6-BA application was relatively late, the SN was already established around the jointing stage (Table 2) . Therefore, 6-BA did not have a great effect on the SN. The SN had no significant difference between S1 treatment and S0 for both varieties. However, the SN in V2 was higher than that in V1 because V2 is a multiple-spike variety. There was a significant difference in GN between V1S1 and V1S0 as well as between V2S1 and V2S0. Compared to S0, 6-BA treatments of V1 and V2 during the two years ranged of increase in GN of 3.34-3.67 and 2.66-3.00, respectively. These results suggested that exogenous 6-BA significantly increases the GN in wheat. After 6-BA application in both varieties, the TGW was higher compared to the S0 treatment, but the difference was not significant. The GY of both varieties with 6-BA application in the two years was significantly greater than the S0 treatment. V1 had a yield increase of 327.53, and V2 had a yield increase of 273.78. Overall, exogenous 6-BA achieved a yield increase mainly by increasing the GN. 
Discussion
Studying developmental characteristics during the floret degeneration and abortion stage has great significance in promoting floret development, which further increases the GN [30, 31] . Studies showed that spraying exogenous 6-BA increases the division rate and the number of endosperm cells and promotes the enlargement of floral organs, especially the ovule [20, 32] . In the present study, after the foliar application of 6-BA during the peak of the floret degeneration stage, the abortion rate of fertile florets was reduced, the development of floral organs was promoted, and the number of fertile florets and grains per spike were increased, which eventually led to a significant yield increase. Therefore, understanding the physiological mechanism that determines the floret development is of great significance. Floret primordia develop mostly coinciding with stem elongation, when the distribution of nutrients from the vegetative to reproductive organs affects floret development, and a lack of available resources in the spike may promote floret degeneration and abortion [33] [34] [35] . In addition, the accumulation of soluble sugar and sucrose in the spike improves the differentiation and formation of the spike, providing sufficient support for floret development [36, 37] . During the abortion stage of fertile florets, effective regulatory measures can be taken to increase the dry weight and the endogenous sugar contents of the spike, which would promote floret develop into grains. In the present study, 6-BA application promoted dry matter accumulation in the spike and non-spike organs as well as stimulated sugar transport from non-spike organs to the spike. At anthesis, the contents of soluble sugar and sucrose in the spike were increased and the sugar contents in non-spike organs including the leaf, stem, and sheath were reduced under the 6-BA application, which then increased the ratio of spike dry weight/culm dry weight and raised the proportion of dry matter distributed to the spike, thereby providing sufficient nutrient support for floret development.
Fertile floret development and grain setting are influenced by endogenous hormones. Previous studies have shown that floret abortion is correlated with endogenous cytokinin and auxin. In addition, the number of florets per spike is positively correlated with the level of endogenous cytokinin, and the effect of auxin is more complex [38, 39] . The present study showed that the contents of auxin and cytokinin in the spike were both positively correlated with the number of fertile florets and grains per spike at anthesis. Increasing auxin and cytokinin contents in the spike at anthesis may induce flowering and promote floret survival to produce grains. In addition, auxin and cytokinin have a complementary effect during the early stages of female gametophyte development and an antagonistic effect during the formation of tetrads, which may lead to a negative correlation between auxin content and the number of fertile florets per spike in the abortion stage [40] [41] [42] [43] . Exogenous 6-BA may inhibit auxin transport out of the early differentiated florets by raising the level of endogenous cytokinin, therefore weakening the negative effect of auxin and further increasing the GN [44, 45] . The present study showed that an excess auxin level in the fertile floret abortion stage before anthesis was not favorable to develop and seed for fertile florets. During the abortion stage, exogenous 6-BA significantly increased the cytokinin content and reduced the auxin content in the spike, which decreased the negative effect of auxin content in the spike on the number of fertile florets per spike. Moreover, the effects further reduced the percentage of fertile florets that fail to develop into grains, providing a physiological basis for the development of fertile florets becoming grains and eventually increasing the number of fertile florets and grain number, which achieved a higher yield. Compared to the multiple-spike variety (Yumai 49-198), 6-BA had a greater effect in the large-spike variety (Zhoumai 16).
Conclusions
This study investigated the effects of 6-BA on floret development and grain setting in the Chinese wheat cultivar Zhoumai 16 and Yumai 49-198. The results have demonstrated that, before the abortion of fertile florets in wheat (the stage when a portion of fertile florets die without forming grains), foliar spraying application of 6-BA have a positive effect on the development of fertile florets by acting on the physiological mechanism including dry matter, sugar and hormone, which provided a sufficient material basis for development and grain setting of the fertile florets. 6-BA application improved the number of fertile florets and final grain number by reducing the number of florets degenerated and the number of fertile florets aborted, which eventually achieved the goal of yield increase. In conclusion, 6-BA application is an efficient strategy for improving cereal yields.
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